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RWJ-270201 is a novel cyclopentane inhibitor of influenza A and B virus neuraminidases (NAs). We
compared the ability of RWJ-270201 to inhibit NA activity of clinical influenza isolates and viruses with defined
resistance mutations with that of zanamivir and oseltamivir carboxylate. In NA inhibition assays with influenza
A viruses, the median 50% inhibitory concentration (IC50) of RWJ-270201 (approximately 0.34 nM) was
comparable to that of oseltamivir carboxylate (0.45 nM) but lower than that of zanamivir (0.95 nM). For
influenza B virus isolates, the IC50 of RWJ-270201 (1.36 nM) was comparable to that of zanamivir (2.7 nM)
and less than that of oseltamivir carboxylate (8.5 nM). A zanamivir-resistant variant bearing a Glu119-to-Gly
(Glu1193Gly) or Glu1193Ala substitution in an NA (N2) remained susceptible to RWJ-270201 and oselta-
mivir carboxylate. However, a zanamivir-selected variant with an Arg2923Lys substitution in an NA (N2)
showed a moderate level of resistance to RWJ-270201 (IC50 � 30 nM) and zanamivir (IC50 � 20 nM) and a
high level of resistance to oseltamivir carboxylate (IC50 > 3,000 nM). The zanamivir-resistant influenza B virus
variant bearing an Arg1523Lys substitution was resistant to each NA inhibitor (IC50 � 100 to 750 nM). The
oseltamivir-selected variant (N1) with the His2743Tyr substitution exhibited resistance to oseltamivir car-
boxylate (IC50 � 400 nM) and to RWJ-270201 (IC50 � 40 nM) but retained full susceptibility to zanamivir
(IC50 � 1.5 nM). Thus, drug-resistant variants with substitutions in framework residues 119 or 274 can retain
susceptibility to other NA inhibitors, whereas replacement of functional residue 152 or 292 leads to variable
levels of cross-resistance. We conclude that RWJ-270201 is a potent inhibitor of NAs of wild-type and some
zanamivir-resistant or oseltamivir-resistant influenza A and B virus variants.

Until recently, the M2 ion channel (21) inhibitors, amanta-
dine and rimantadine, were the only antiviral agents available
for the management of influenza A virus infections. Because
influenza B viruses lack the M2 protein, they are not suscep-
tible to these drugs. Another limitation of amantadine and
rimantadine is their propensity to rapidly select resistant
strains in vitro and in vivo (10). In addition, certain influenza A
virus strains isolated before these drugs were used contain
amantadine-resistant M2 protein (10). Each of the five single-
amino-acid substitutions that have been found in the trans-
membrane domain of the M2 protein confers a high level of
resistance to amantadine and rimantadine (10). The resistant
strains seem to be genetically stable, fully pathogenic, and
transmissible to close contacts. Recent attempts to identify M2
ion channel inhibitors that are effective against resistant vi-
ruses have been unsuccessful (18).

Neuraminidase (NA) inhibitors are a new class of anti-in-
fluenza drugs. Two inhibitors, zanamivir and oseltamivir, have
been approved for use in humans (6). Because of its low bio-
availability, zanamivir is delivered topically by inhalation. Os-
eltamivir (GS4104), the ethyl ester prodrug form of oseltamivir
carboxylate (GS4071), is the first NA inhibitor that is bioavail-

able after oral administration. The novel NA inhibitor RWJ-
270201 is also bioavailable upon oral administration (1) and is
currently undergoing clinical evaluation.

The NA inhibitors were rationally designed to specifically
block the active center of the influenza virus NA. Despite the
low level of amino acid sequence homology between influenza
A and B viruses, the active center is formed by amino acid
residues conserved among types and subtypes of influenza vi-
ruses. Some of these residues directly interact with the sub-
strate (functional residues), and others provide a structural
scaffold for the functional residues (framework residues) (5).

The framework and functional residues are presumed to be
essential for optimal enzyme function. Most interactions be-
tween zanamivir or oseltamivir carboxylate and residues in the
NA active center are similar to those with the natural sub-
strate, neuraminic acid (15, 25). However, zanamivir and os-
eltamivir carboxylate also rely on interactions with conserved
residues of NA that differ from those between the neuraminic
acid and the enzyme. It was anticipated that resistance to NA
inhibitors would be conferred by substitutions at framework
residues rather than at functional residues. However, substitu-
tions in both the functional and the framework residues were
acquired by influenza A and B viruses after in vitro passage in
the presence of the NA inhibitors and have been identified also
in viruses recovered from treated patients (Table 1). An un-
derstanding of the molecular interactions between the present
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NA inhibitors and the mutated target enzyme is important for
the development of more-effective antiviral agents.

The aims of the present study were to compare the antiviral
potency of the novel NA inhibitor RWJ-270201 with that of
zanamivir and oseltamivir carboxylate and to evaluate the
cross-resistance patterns of drug-resistant variants.

MATERIALS AND METHODS

Compounds. The NA inhibitors oseltamivir carboxylate (GS4071), zanamivir
(GG167), and RWJ-270201 were provided by BioCryst, Birmingham, Ala. They
were resuspended in distilled water and stored at �20°C before they were further
diluted for use in the enzyme assay.

Viruses. Nineteen clinical isolates of influenza A (H1N1 and H3N2) and B
virus were recovered from patients at the University of Virginia Health Sciences
Center during the 1991 to 1999 influenza seasons. Clinical isolates (wild-type
viruses) were propagated twice in Madin-Darby canine kidney (MDCK) cells by
a standard procedure before they were used in the NA inhibition assay. The
oseltamivir-resistant virus variant was recovered from a volunteer experimentally
infected with the influenza A/Texas/36/91 (H1N1) strain and treated with osel-
tamivir (7). This clinical isolate was propagated three times in MDCK cells.
Zanamivir-selected virus variants and corresponding wild-type viruses were from
the repository at St. Jude Children’s Research Hospital, Memphis, Tenn. (Table
1).

NA inhibition assays. Whole viruses from clarified cell culture supernatants
were used as a source of NA activity. We used a modified fluorometric assay
based on that of Potier et al. (17a) to measure influenza virus NA activity and its
inhibition by antiviral drugs. The assay measures 4-methylumbelliferone released
from the fluorogenic substrate 2�-(4-methylumbelliferyl)-�-D-N-acetylneura-
minic acid (MUNANA) (Sigma, St. Louis, Mo.) by the enzymatic activity of
influenza virus enzyme.

The NA activity for each virus was determined before each test of NA inhi-
bition because of variation in the NA activity among the viruses. Titration of NA
activity was performed with serial half-log dilutions of each virus to determine a
working dilution of virus. Virus and substrate (final concentration of MUNANA,
75 �M) were mixed and incubated at 37°C for 30 min. Free 4-methylumbelli-
ferone diluted in 0.9% NaCl (5, 10, 20, and 40 �l of 40 �M solution) was used
in parallel to determine the linear range of measurements. Reactions were
stopped with the addition of 150 �l of 0.1 M glycine buffer (pH 10.7) containing
25% ethanol. Fluorescence was read with an HTS 7000 Bio Assay Reader
(Perkin-Elmer, Norwalk, Conn.); the excitation wavelength was 365 nm, and the
emission wavelength was 460 nm.

The concentration of drug required to inhibit NA activity by 50% (IC50) was
determined by testing serial dilutions (10 to 0.00001 �M) of the drug against a
working dilution of virus which was estimated prior to the assay. Equal volumes
of the virus and inhibitor were mixed and incubated at room temperature for 30

min. After the substrate was added to the reaction mixture, the mixture was then
incubated for 1 h at 37°C. Each reaction was stopped by addition of the stop
solution described above, and the fluorescence of each combination of com-
pound and virus was measured. The IC50s were obtained by extrapolation of data
from the resulting graph that indicated the relationship between log inhibitor
concentration and percent fluorescence inhibition.

RESULTS

Inhibitory effects of RWJ-270201 on NA activity of influenza
viruses. We compared the ability of RWJ-270201 to inhibit the
NA activity of recent clinical isolates of influenza A and B
viruses with that of zanamivir and oseltamivir carboxylate.
RWJ-270201 demonstrated potency against the NA activities
of both influenza A and B viruses with IC50s ranging from 0.26
to 1.95 nM (Table 2). RWJ-270201 was comparable to oselta-
mivir carboxylate in inhibiting the NA activity of the 11 clinical
isolates of influenza A virus, but RWJ-270201 was approxi-
mately two- to fourfold more potent than zanamivir against the
NA activity of the same isolates (Table 2). Against the NA
activity of the eight influenza B virus isolates, RWJ-270201 was
comparable to zanamivir and approximately five- to ninefold
more potent than oseltamivir carboxylate (Table 2).

Assessment of virus resistance and cross-resistance in NA
inhibition assay. Typically, the variability between measure-
ments of the activity (IC50s) for the same virus in the same

TABLE 1. Influenza viruses with drug-resistant enzymes selected in the presence of NA inhibitors

Residue in NA
active centera Substitution NA type/subtype NA inhibitorb Type of

selectionb Reference(s) Mutants used in
present study

Glu119 Gly A/N2 Zanamivir In vitro 9 �
Gly A/N9 Zanamivir In vitro 16 �
Gly B Zanamivir In vitro 16 �
Ala A/N2 Zanamivir In vitro 9 �
Asp A/N2 Zanamivir In vitro 9 �
Val A/N2 Oseltamivir In vitro 14, 29 �

Arg292 Lys A/N2 Zanamivir In vitro 9 �
Lys A/N9 6-Carboxamide derivative of zanamivir In vitro 17 �
Lys A/N2 Oseltamivir In vitro 22 �
Lys A/N2 Oseltamivir In vivo 14, 29 �
Lys A/N2 RWJ-270201 In vitro 3 �

His274 Tyr A/N1 Oseltamivir In vitro 28 �
Tyr A/N1 Oseltamivir In vivo 7, 29 �

Arg152 Lys B Zanamivir In vivo 8 �

a Position of amino acid in the N2 enzyme.
b The viruses with the mutant NAs were selected in the presence of NA inhibitor in vitro or were isolated from patients treated with an NA inhibitor.

TABLE 2. Inhibition of NA activity of clinical isolates by zanamivir,
oseltamivir carboxylate, or RWJ-270201

Virus type/
subtypea

No. of
isolates

Medianb (range) IC50 (nM)

RWJ-270201 Oseltamivir
carboxylate Zanamivir

A/H1N1 5 0.34 (0.26–0.43) 0.45 (0.45–0.60) 0.95 (0.73–1.05)
A/H3N2 6 0.60 (0.47–0.87) 0.37 (0.27–0.45) 2.34 (1.85–3.13)
B 8 1.36 (1.08–1.95) 8.50 (5.33–18.33) 2.70 (2.00–3.10)

a To isolate influenza A (H1N1 and H3N2) and B viruses from patients, we
initially grew the viruses in MDCK cells, and the viruses were propagated twice
in this cell culture system before testing.

b The median IC50s were determined for each virus in the NA inhibition assay.
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experimental conditions did not exceed fourfold. Therefore,
the virus is considered as showing reduced susceptibility if its
IC50 value increases by at least 8- to 10-fold in comparison to
the wild-type virus (9, 22).

We determined whether zanamivir-resistant or oseltamivir-
resistant virus variants exhibited cross-resistance to the other
inhibitors. Zanamivir-resistant virus variants in which the
framework residue Glu119 was replaced with Gly or Ala re-
tained full susceptibility to RWJ-270201 and oseltamivir car-
boxylate (Table 3). In addition, the zanamivir-resistant virus
variant with Asp119 was fully susceptible to oseltamivir car-
boxylate, but the IC50 of RWJ-270201 against this virus variant
was approximately ninefold higher than that against the wild-
type virus. The virus variant (A/H1N1) with the framework
substitution His274 to Tyr (His2743Tyr) was recovered from
a patient treated with oseltamivir, and, not surprisingly, this
virus variant was resistant to oseltamivir carboxylate (IC50 �
400 nM). The IC50 (40 nM) of RWJ-270201 against the virus
variant was approximately 80-fold greater than the IC50 of
RWJ-270201 against the wild-type virus. Therefore, the virus
variant with the His2743Tyr substitution demonstrated a
moderate level of resistance to RWJ-270201 in the NA inhibi-
tion assay. In contrast, zanamivir was fully active against this
virus variant (Table 3).

The zanamivir-resistant virus variant with an Arg2923Lys
substitution exhibited a moderate level of resistance to RWJ-
270201 (approximately 27-fold increase) compared to wild type
but a high level of resistance to oseltamivir carboxylate (ap-
proximately 9,400-fold increase) (Table 3). The Arg1523Lys
substitution in the NA of influenza B virus led to cross-resis-
tance to all three inhibitors; the IC50s were greater than 100
nM (Table 3).

DISCUSSION

Our results show that RWJ-270201 is a potent inhibitor of
the NAs of influenza A and B viruses. This novel inhibitor was
approximately threefold more potent than zanamivir in inhib-

iting NA activity of A/H1N1 clinical isolates, approximately
fourfold more potent than zanamivir in inhibiting NA activity
of A/H3N2 clinical isolates, and approximately sixfold more
potent than oseltamivir carboxylate in inhibiting NA activity of
influenza B virus clinical isolates (Table 2). These results con-
firm those previously reported (1, 2). The in vitro antiviral
activity of RWJ-270201 reflects its antiviral effects in experi-
mentally infected animals (2, 19, 20) and in humans with in-
fluenza infections (13).

In cross-resistance studies, the novel inhibitor was fully ac-
tive against certain zanamivir-resistant and partially active
against oseltamivir carboxylate-resistant virus variants (Table
3). Overall, the virus variants with substitutions at framework
residues 119 or 274 of the NA appeared to retain full suscep-
tibility to at least one of the three NA inhibitors. In contrast,
the replacement of the functional residues at positions 152 and
292 led to variable levels of resistance to each of the NA
inhibitors. The biological importance of a variable level of
resistance is unknown at present and requires further in vivo
investigation. Our findings based on results of the NA inhibi-
tion assay are in agreement with the statement that despite
certain similarities in their structure, zanamivir, oseltamivir
carboxylate, and RWJ-270201 (Fig. 1) interact differently with
residues of the NA active center (1, 15, 25). The resulting
differences in interactions have implications for cross-resis-
tance of virus variants to these agents. The guanidino group of
zanamivir interacts with the conserved Glu119 in the active
center pocket which was unoccupied by the neuraminic acid
(25). Similarly, RWJ-270201 contains a guanidino group that
can occupy the same pocket, although the orientation of the
group is different from that of the guanidino group of zanami-
vir (1). The zanamivir-resistant virus variants (Glu1193Gly or
Glu1193Ala) were susceptible to RWJ-270201 (Table 3). In
addition, one virus variant (Glu1193Asp) was highly resistant
to zanamivir, whereas its susceptibility to RWJ-270201 was
only ninefold less than that of the parental NA to the same
compound (Table 3). Our results also confirmed the previous
finding that the substitution at position 119 (Glu3Gly) results
in a substantial decrease in susceptibility to zanamivir in NA
inhibition assays but in little or no change in susceptibility to
oseltamivir carboxylate (16). The virus variants with either the
Glu1193Ala or Glu1193Asp substitution in the NA were also
susceptible to oseltamivir carboxylate under the conditions of
this study.

The side chain volume of the framework residue at position
274 of N1 exerts different effects on the binding affinities of
oseltamivir carboxylate and zanamivir. Thus, replacement of
His274 with residues bearing side chains with larger volumes
(Tyr or Phe), but not with smaller volumes, leads to oseltamivir
resistance (28). It was postulated that the side chain of the
amino acid at position 274 could interfere with the reorienta-
tion of the side chain of the conserved Glu276; this reorienta-
tion is necessary for the successful binding of oseltamivir car-
boxylate to the NA active center (22, 27). A similar
rearrangement of the side chain of Glu276 was reported for
RWJ-270201, which has a hydrophobic group similar to that of
oseltamivir (Fig. 1) (1). The His2743Tyr substitution led to a
reduction in susceptibility to RWJ-270201, although the reduc-
tion was not as great as that observed for oseltamivir carbox-
ylate (Table 3). Glu276 normally interacts with hydroxyl groups

TABLE 3. Cross-resistance of zanamivir-resistant or oseltamivir-
resistant enzymes

Residue in
NA active

centera and
positionb

Amino acid

IC50 (nM)c

RWJ-270201 Oseltamivir
carboxylate Zanamivir

Framework
119 Glu (wt)d 1.1 0.4 2.5
119 Gly 1.8 0.5 100
119 Ala 1.6 1.1 50
119 Asp 9.5 0.5 150
274 His (wt) 0.5 1.0 1.0
274 Tyr 40 400 1.5

Functional
292 Arg (wt) 1.1 0.4 2.5
292 Lys 30 3,750 20
152 Arg (wt) 1.4 4 3.5
152 Lys 570 750 100

a According to Colman et al. (5).
b Position of amino acid in the N2 enzyme.
c IC50 in NA inhibition assays. The median IC50s of three or more measure-

ments are shown.
d Amino acid at the indicated position in the wild-type (wt) NA.
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of the glycerol side chain of neuraminic acid (26). Zanamivir
maintains the glycerol side chain of the natural substrate, and
in contrast to oseltamivir carboxylate and RWJ-270201, zana-
mivir does not require the reorientation of the side chain of
Glu276 for successful binding. Not surprisingly, the virus vari-
ant with the His2743Tyr substitution was as susceptible to
zanamivir as the wild-type virus (Table 3). However, the only
way to be certain about the effect of the changes in the NA
active site on resistance to a particular NA inhibitor is to

determine the structure of the compound with both the wild-
type and the mutant enzyme and look for differences.

The replacement of Arg at position 292 was detected in
enzymes of viruses selected in the presence of RWJ-270201,
oseltamivir carboxylate, zanamivir, or the 6-carboxamide de-
rivative of zanamivir (Table 1). Of note, this variant is the most
common one recovered from adults or children treated with
oseltamivir (14, 28). The virus variants bearing the Arg2923
Lys substitution had a low level of resistance (10- to 30-fold) to

FIG. 1. Structures of NA substrate and inhibitors. (I) Neuraminic acid; (II) Neu5Ac2en (DANA); (III) zanamivir (4-guanidino-Neu5Ac2en)
(GG167); (IV) RWJ-270201 (BCX-1812); (V) oseltamivir (GS4104); (VI) oseltamivir carboxylate (GS4071).
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RWJ-270201 and zanamivir (3) and a high level of resistance
(up to 5,000- to 30,000-fold) to oseltamivir carboxylate (17, 22).
According to Tai et al. (22) and Varghese et al. (27), the
profound effect of the Arg2923Lys substitution on the enzyme
interaction with oseltamivir carboxylate is also the result of the
ability of Lys292 to block the reorientation of the side chain of
Glu276. We confirmed that this substitution led to a low level
of virus resistance to zanamivir (8-fold) and a moderate level
of resistance to RWJ-270201 (27-fold), despite the apparent
need for reorientation for the interaction of RWJ-270201. The
reorientation of the side chain of Glu276 could be energetically
less favorable in influenza B virus NAs than in influenza A
virus NAs, because the region surrounding Glu276 is hydro-
phobic in influenza B viruses and hydrophilic in influenza A
viruses (23).

Differences in binding of inhibitors to influenza A and B
virus NAs have been reported previously (1, 23). In our exper-
iments, the NAs of clinical isolates of influenza B virus were
less susceptible to oseltamivir carboxylate than to RWJ-270201
(Table 2), despite the fact that both require reorientation of
the Glu276 side chain for binding to the NA active center (1,
15). We cannot exclude the possibility that some influenza B
viruses are more susceptible to oseltamivir carboxylate than to
zanamivir or RWJ-270201 in NA inhibition assays due to vari-
ability of the NA sequences within the same virus type.

The functional residue Arg152 interacts with the acetamido
group, which is one of the four main groups of the natural
substrate, neuraminic acid. This group is also present in all
three NA inhibitors (Fig. 1). Consistent with the important role
of residue 152 in catalysis, the Arg1523Lys substitution led to
resistance to all the available NA inhibitors.

In immunocompetent adults, influenza virus causes disease
of a short duration. The in vitro data and clinical trial experi-
ence to date predict that virus resistance conferred by substi-
tution in the NA active center in response to treatment with
NA inhibitors will probably not be a problem in this population
(3, 4, 11, 12). A low incidence of oseltamivir-resistant virus
variants with enzymes bearing substitution in the NA active
center was reported for viruses recovered from drug-treated
young and middle-aged adults (�2%) (7, 14, 24). The inci-
dence of drug resistance was higher in children treated with
this NA inhibitor (5.5%), although shedding was not detected
beyond day 9 (28). However, drug resistance could play a more
important role in the treatment of immunocompromised pa-
tients with influenza virus infection (8).

The availability of the NA inhibitors, which target the NA of
influenza A and B viruses, and amantadine and rimantadine,
which target the M2 protein of influenza A viruses, provides
more options for the control of influenza virus infection. Our
studies indicate that the novel NA inhibitor RWJ-270201 has
potent inhibitory activity against NAs of influenza A and B
viruses and a unique pattern of activity against resistant vari-
ants. Therefore, RWJ-270201 has the potential to become a
valuable anti-influenza drug.
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